Abstract. A fiee-parameter Lwo method for chemisovtion problems is presented. The method includes many-body effects by means ofa localdensity potential. The case of Sb on GaAs(l IO) has teen analysed and fhe results are discussed in the perspective of Schottky barrier formation.
Introduction
An important piece of work in the field of chemisorption (March 1986 ) has been developed using a local density formulation (Lang 1973 , Lundquist 1988 . Although tbis program has been successfully applied mainly to simple atoms, only for vely simple cases have workers been able to apply it to the analysis of absorbed molecules (N0rskov et a1 1981). The problem is obviously a time-consuming limitation in the calculation one has to perform for those systems.
The alternative approach to the analysis of the electronic properties of solids is the method of tight binding, or the linear combination of atomic orbitals (LCAO) (Majewsky and Vogl 1986 , Sutton er al , Doyen 1976 . This approach offers an obvious advantage in its computational simplicity and in its appropriate description of the chemical or local environment around an atom. The drawback of this method is its semiempirical description, since some (or many) of the parameters describing the basic Hamiltonian are not obtained from a first-principles approach, but by using some interactions deduced from the physical and chemical trends of different systems (Harrison 1980) . Our work in the past five years has been addressed to developing a free-parameter LCAO method (Goldberg et a1 1988) that allows us to calculate the electronic propeaies of solids, in general, and the chemisorption properties of atoms and molecules, in particular. In this paper we present a summary of the method developed in our laboratory, and a discussion of the results obtained for a particular system: Sb deposited on GaAs (1 10) (Mailhiot et nl 1985, Bertoni et a1 1983 , Srivastava 1992 . This case is related to the field of Schottky barrier formation, a system where the present research is addressed to understanding how the barrier depends on the amount of metal deposited on the semiconductor (Third ht. Conf. on the Formation of Semiconductor Surfaces 1992, Tejedor 1987, Flores and m e g a 1992) .
In section 2 we discuss our KAo approach and present the method followed to calculate the different parameters defining the LCAO Hamiltonian. In the same section we also discuss our treatment of the many-body effects associated with the electron4ectron interaction. We show how these effects can be analysed using a local treatment similar to the one used in LDA. We believe that this approach establishes the link between the usual LDA method and our K A O approach. In section 3 we present OUT results for Sb on GaAs( 1 IO) and finally, in section 4, we present our conclusions.
LCAO method: general formalism
We introduce our LCAO method by considering a simple diatomic molecule with two levels, 1 and 2, associated with atoms 1 and 2, respectively. In this simple case, the one-electron Hamiltonian can be expressed in the language of second quantization as follows:
where the creation and annihilation operators, et and 8, are associated with the Lowdin orthogonal basis:
where S = (h l@2), and @ I , qz are the atomic wavefunctions associated with the 1 and 2 sites.
In (2). ci and f are given by where In our approach, we expand A and p up to second order in S, and approximate (4) by 
where U ; ' ' and J'O) are the intra-and inter-atomic Coulomb interactions associated with the atomic orbitals, $;, Ji0) the exchange interaction between $i and $, , and J(')SZ a correction to the exchange interaction introduced by the wavefunction overlap: T can also be related to the Bardeen tunnelling current (7). and E; to the atomic levels corrected by the wavefunction overlap (6).
In a more general case, we can introduce the following Hamiltonian: Equation (9) defines the total Hamiltonian as the superposition of the different Hamiltonians defined, as in (S), for each pair of atomic orbitals.
Local densiiy approximation to the many-body term
Hamiltonian (9) defines our model for the chemisorption problem. Let us now discuss how the many-body terms are analysed in ow approach. These terms am rewritten as follows:
with an obvious definition for Ay; then, the total Hamiltonian takes the form where represents the one-elecbon terms, xi, EFfiio + &i,j) T(&J, of (9). In our approach, we reduce Hamiltonian (11) to the effective oneelectron Hamiltonian where and V$,i is a local potential that includes in the io site the exchange and correlation effects.
The critical point in our formulation is the extension of Hohenberg and Kohn theorem to our K A O method; thus we can prove that where Exc[nj,] is the total exchange and correlacion energy that only depends on the orbital occupation numbers, ni,.
The exchange contribution to E&i,] can be obtained from (10) using the Hartree-Fock approximation to this Hamiltonian. This yields where defines the i-j bond order. One can prove thar if the exchange hole of our io electron is localized in the first nearest neighbours of the given i site, (14) takes the form (Garcla-Vidal et a1 1991)
where 4'" is the In the more general case, we can write interaction between the i-j orbitals in the first nearest neighbours.
where cu[ni,l is a factor that is almost constant in the range 0.15 N ni, I I 0.50, and behaves as n;f for ni, smaller than 0.15 (e is symmeaic with respect to the mid occupancy, 0.5). Equation (17) yields the exchange potential:
Electron correlation effects can be introduced by considering the fluctuations that appear around the occupation numbers, ni,. These fluctuations are measured by the quantity The interaction of atoms with semiconductor surfaces A45 (??;,) -(??i,,)* = ni,(l -nc), which can be related to the exchange energy given by (16) when the exchange hole is localized in the first nearest neighbours. The correlation energy can be approximated by if we also assume that the correlation hole is localized in the first nearest neighbours. Equations (16) and (19) suggest a simple relationship between E. and E,; thus, by taking into account the dynamical processes that reduce Ec by around 25%. we write the correlation effects as follows:
We should comment that this approximation neglects the inmite correlation energy, which can be important for very electronegative atoms (0, CI, etc) or atoms with localized shells (d or f bonds). F m (20) we define the exchange and correlation potential:
and the effective Hamiltonian (12). This Hamiltonian is the basis of our calculation that yields ni,, self-consistently. Once niO is obtained we can calculate the total electron energy by adding to the electron energy of the effective Hamiltonian the following contribution:
The first term avoids double counting in the Hartree energy, and the second and third terms yield the total exchange and correlation energy after cancelling the contribution coming from the V;,; potential,
Results and dwussion
We have applied the previous approach to the calculation of the adsorption of Sb on GaAs (1 IO). In our approach, the method has been used to calculate the interaction between Sb and the semiconductor surface. In other words, the clean semiconductor surface has been calculated using the parameters of Vogl et a1 (1983) ; in a further step, our method has been applied to the calculation of Sb interacting with the GaAs(ll0) surface. We should also mention that, in the calculations presented here, tbe semiconductor surface is assumed to be unrelaxed; this is a reasonable approximation since it is well known (Srivastava 1992) that, under Sb deposition, the GaAs(1 IO) surface relaxes to an almost ideal geometry. Figure I(a) shows the semiconductor surface and the different adsorption sites we have analysed for a l L2 coverage (8 = 1 corresponds to two atoms per semiconductor unit cell). Our calculations show that the long-bridge position (C in figure 1) yields the most favourable chemisorption energy: figure 2 shows this chemisorption energy per unit cell as a function of the distance between
We have analysed different geometries and coverages. the Sb layer and the last semiconductor layer. Notice that the maximum chemisorption energy is 1.3eV; this quantity is more than 1 eV larger than the values obtained for Sb absorbed on either As or G a Figure 3 shows the chemisorption energy per unit cell for a monolayer, B = 1, of Sb as a function of the distances between the two Sb atoms and the last semiconductor layer (see figure l(b) ). This figure corresponds to the geometrical configuration we have found to give the maximum chemisorption energy: this is the case for which the two Sb atoms per unit cell are bounded to As and Ga as shown in figure 1(b) . It is remarkable that one Sb atom per unit cell appears bonded to Ga and As, at the same time, by occupying the long-bridge position, while two Sb atoms per unit cell prefer to be bonded one to Ga, the other to As. This is a result similar to the one found for AI (Ortega et af 1992) : in this case too, a single AI atom prefers the long-bridge position, while two atoms are located on the ideal continuation of the GaAs crystal.
Let us also comment that the minimum of energy found in figure 3 , E 2.3eV per Sb atom, comsponds to different distances of the two Sb atoms to the semiconductor layer.
The Sb-Ga distance is found to be = 0.3A smaller than the SbAs distance, in good agreement with recent results (Srivastava 1992) . (Notice that in our calculation we neglect the small surface relaxation).
In order to understand how previous results are related to the Schottky barrier formation, we show in figure 4 the local density of states on the last semiconductor layer for the minimum energy of the two coverages: B = 112 and B = 1. For B = 112, figure 4(b) shows an Sb-induced surface band located around the middle of the semiconductor gap; for 6 = 1, figure 4(c) shows, however, an energy gap limited by two Sb-induced surface bands (the armws shown in figure 4(c) ). These results can be understood in the following way:
for B = 112, there is an odd number of electrons per unit cell and a metal-like density of stam must appear with the Fermi level in the middle of a surface band (unless correlation effects open an energy gap (Flores and Ortega 1992) ); for B = 1, the number of electrons per unit cell is even, and the strong bonding between Sb and the semiconductor dangling bonds (as the one between the Sb atoms) yield a semiconductor-like structure of the surface, like the one found in figure 4(c) .
Although, for half a monolayer, the Fermi level is pinned by the Sb-induced surface band, the energy position of this surface band is very much dependent on the site of the A48 absorbed Sb. For the long-bridge position we find EF = 0.66eV; however, for the As and Ga sites we find EF = 1.4eV and 0.6eV, respectively. As discussed elsewhere Tejedor 1987, Flores and Ortega 1992) 
A49
We should stress, however, that for a full monolayer no Sb-induced surface band can be expected to pin the Fermi energy in the semiconductor gap. The Schottky barrier formation should appear for a higher Sb coverage. As discussed (Ortega er al 1992) in the case of AI, a second monolayer would close the energy gap found for a monolayer, and the Fermi level should be pinned by an Sb-induced surface band, this effect completely forming the Schottky barrier.
Conclusions
In this paper we have presented a summary of the E A 0 approach developed in ow laboratory to analyse chemisorption problems. The method allows us, in a first step, to determine the different parameters associated with the diagonal and the off-diagonal terms of the Hamiltonian. In a further step, many-body terms are also introduced and analysed using a local density approximation: this means that, as in an LDA approach, many-body effects are introduced by means a diagonal potential, V& acting on each orbital of our system. The method yields the occupation number, ai,. for each orbital and allows us to calculate the total energy of the system.
We have applied this approach to the case of Sb chemisorbed on GaAs (1 10). We have analysed how Sb is chemisorbed as a function of its coverage, and have found that for very low coverages the Sb atoms tend to he adsorbed on the long-bridge position of the GaAs Finally. we discuss how these chemisorption properties are related to Schottky barrier formation. In particular, we argue that the barrier can be completely formed only when more than one Sb monolayer is deposited on the semiconductor. The island edge states, found by Feenstra and Martensson (1988) at coverages smaller than one, are argued to be As-like states associated with the non-samrated As dangling bonds located at the island edges.
